AT THE INTERFACE of the arterial wall and the circulating blood, the endothelium constitutes the principal barrier to transport of blood-borne substances into the arterial wall. If the permselective barrier function of the endothelium is compromised, molecules such as low-density lipoprotein (LDL) as well as monocytes are allowed to pass from the circulation into the subendothelial space, setting the stage for the initiation of atherosclerotic lesions.
Localized regions of enhanced permeability in vivo are associated with a number of functional and structural features of the endothelium, such as enhanced endothelial cell turnover, lipid accumulation and metabolism, and polygonal cell morphology, among others (20, 28) . What controls endothelial permeability to macromolecules is still an unanswered question. Weinbaum and colleagues (22, 34) proposed that the main pathway for enhanced macromolecular transport across the endothelium is intercellular gaps (leaky junctions) that appear transiently when endothelial cells divide.
Another known pathway for water-soluble solutes is pinocytosis. Cells that are dying or sloughing off also contribute to enhanced transendothelial macromolecule transport (21) .
In their natural environment, endothelial cells are constantly exposed to physical and biochemical stimuli that can alter cell permeability. Transendothelial transport of macromolecules has been shown to be responsive to flow shear stress, hydrostatic pressure, thermal shock, and agonists such as histamine, thrombin, bradykinin, and phorbol 12-myristate 13-acetate (PMA), among others (2, 13, 14, 19, 23, 25, 33) . Endothelial permeability has been investigated in vitro under uniform shear flow conditions. Davies (6) observed that step changes in shear stress increase the rate of pinocytosis. Jo et al. (19) demonstrated that albumin permeability of endothelial monolayers is shear dependent, time dependent, and reversible (higher shear stress results in higher permeability). More recently, Sill et al. (29) reported a shear-dependent increase in hydraulic conductivity in cultured endothelial monolayers. However, in vivo, areas of enhanced endothelial permeability coincide with the presence of disturbed flows (i.e., arterial bifurcations), where the shear stress magnitude is low but the spatial and temporal gradients in shear stress are large. Furthermore, the enhanced permeability characteristic of regions of disturbed flow is not transient but permanent.
We hypothesize that the shear stress gradients present in areas of disturbed flow alter the structure and function of intercellular junctions, resulting in a permanent increase in transendothelial transport of macromolecules. We have previously demonstrated that cell proliferation, gap junctional communication, gene transcription and expression of the gap junctional protein connexin43 (Cx43), cell motion, and monolayer cell density in vascular endothelial cells are dynamically regulated by macroscopic shear stress gradients in vitro (7) (8) (9) (10) 27) .
In this study we developed an in vitro transport assay to evaluate spatial variations in the active transport of macromolecules across endothelial monolayers exposed to disturbed flows. We also quantified the spatial and temporal variations in monolayer resistance to ion transport during flow exposure in an attempt to identify flow-mediated alterations in barrier function and macromolecule transport pathways that may contribute to the pathological levels of transendothelial permeability observed at arterial bifurcations in vivo.
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METHODS
Cell culture. Bovine aortic endothelial cells were harvested from calf thoracic aortas with the use of standard techniques (18) . Cell monolayers were cultured and grown to confluence in DMEM buffered with 25 mM HEPES and containing 10% calf serum, 0.3 mg/ml L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin.
Cells between passages 12 and 26 were seeded at a density of 2 ϫ 10 5 cells/cm 2 on gelatin-coated polycarbonate filters (0.4-µm pore size and 24-mm diameter; Corning Costar Transwell, Cambridge, MA) or on gelatin-coated tissue culture plates (25 ϫ 75 mm) containing eight small gold electrodes (Applied Biophysics, Troy, NY) and were exposed to fluid forces between 3 and 5 days postseeding. Before cells were seeded, each polycarbonate filter was removed from the Transwell chamber and mounted on a stainless steel frame onto which a step (0.5 ϫ 2 ϫ 28 mm) was fixed to generate a local flow disturbance (Fig. 1A) . The electrode plates also contained local flow disturbances ( Fig. 2A) .
Flow chambers. Two separate flow apparatuses were used in these studies. For the permeability protocols, the steel frames holding the filters with confluent monolayers were loaded in a parallel plate flow chamber previously described by DePaola et al. (9) . The frames sit in a recess on the bottom plate of the chamber so that the luminal cell surface is continuous with the channel surface. The subluminal cell surface is permanently wetted by the stagnant fluid in the recess. Shear stress forces on the endothelial cells are generated by the viscous flowing medium. The interposition of a rectangular step, with its largest dimension perpendicular to the flow direction, results in an area of flow separation and recirculation with a nonuniform shear stress distribution that models physiological flows at arterial bifurcations. The detailed shear stress distribution in the apparatus was obtained using finite-element models and was previously reported by DePaola and colleagues (7, 9) . Table 1 summarizes the average shear stress and shear stress gradient in regions of interest. In all experiments reported here, perfusion rates were adjusted to generate wall shear stresses of 10 dyn/cm 2 in flow regions away from the step.
The measurements of monolayer electrical resistance under disturbed flow were conducted using a flow chamber specially designed to be used with the electrical cell substrate impedance-sensing (ECIS) system developed by Giaever and Keese (16, 17) . This parallel plate flow chamber allows perfusion of the culture plate containing the surface electrodes and flow disturbances without interfering with the ECIS measurement. A detailed description of the design and operation of this flow chamber with the ECIS system has been previously reported by DePaola et al. (11) . Briefly, the flow chamber consisted of two parallel plates connected to a flow loop. A precisely machined recess (1 ϫ 25 ϫ 60 mm) on the top plate defined the flow path in the chamber. The top plate (Teflon) also housed the inlet and outlet ports and a glass window for light transmission and sample visualization. The bottom plate had a machined recess for sample (electrode plate with culture cells) placement with a glass window for light transmission and visualization. The electrode contacts connecting the flow chamber to the ECIS system were also held on the bottom plate. A medical-grade silicon gasket was used to seal the chamber and prevent fluid leakage while the plates were held together by four screws. Flow was imposed on the endothelial surface by connecting the parallel plate chamber to a flow circuit. The interposition of a rectangular step on the electrode plate surface ( Fig. 2A ) results in an area of flow separation and recirculation with a nonuniform shear stress distribution. The fluid dynamic conditions (shear stress distribution) are identical to those in the flow chamber used for the permeability studies ( Table 1 ). The flow chamber and flow loop were kept inside a tissue culture incubator (37°C, 5% CO 2 atmosphere) for the duration of the experiments. The flow chamber was transferred to the mechanical stage of an inverted-phase microscope for visualization of the monolayers during the experiments.
Transport assay. To quantify the spatial variations in permeability of an endothelial cell layer exposed to disturbed flow fields, an assay was developed whereby color-labeled macromolecules permeating the cell layer were caught in a subluminal gel. As the macromolecules came into contact with the gel, the transport was hindered, thereby creating a record of the amount of macromolecules that have permeated the cell layer at a given location in a given period of time. The intensity of color in the gel was used as an indicator of the level of permeability of the corresponding cell area. Therefore, spatial variations in transendothelial cell macromolecular transport were determined by measuring the spatial distribution of color intensity in the gel.
Confluent endothelial monolayers were exposed to disturbed flow for 5 h at the flow conditions shown in Table 1 . When flow ceased, the samples were rinsed in warm PBS (GIBCO, Gaithersburg, MD) and transferred to a transport assay chamber in which the abluminal side of the polycarbonate filter was in direct contact with a 1-mm-thick, 1.75% by mass, agarose gel layer (Fig. 1B) . A bottomless well with a sealing edge was lightly clamped on the steel frame of the sample to form an upper luminal chamber (3 ml). A known concentration (8 mg/ml) of FITC-dextran [molecular weight (MW) 70,000 and approximate Stokes-Einstein radius of 3-4.6 nm; Sigma, St. Louis, MO] in PBS containing 1% (wt/vol) BSA and 25 mM HEPES (pH 7.4) was added to the luminal well and allowed to permeate at room temperature for 30 min. The agarose layer was then removed from the chamber, and seven 1.5 ϫ 15-mm strips were sectioned from selected areas (Fig. 2B) . Two strips corresponded to cells in the recirculation region, another two corresponded to cells in the area of flow recovery, and the last three corresponded to cells exposed to fully recovered, undisturbed flow. Five of the seven 1.5-mm-wide strips were consecutively cut from the downstream edge of the step, whereas the last two strips were randomly cut from areas further downstream (Fig. 2B) . The strips were then dissolved in warm PBS, and the resulting suspensions were analyzed in a spectrophotometer at a wavelength of 490 nm. The ensuing absorbance readings quantify the amount of tracer that permeated the selected sections of the cell layer, thus allowing the evaluation of spatial variations in monolayer permeability.
Positive controls consisted of confluent monolayers grown on polycarbonate filters and incubated in 0.5 µM PMA (Sigma, St. Louis, MO) for 90 min. Before permeability was assessed, these samples were thoroughly but gently rinsed in three separate PBS baths.
Static control monolayers were plated on polycarbonate filters at the same time as experimental samples and maintained under no-flow conditions in a standard 37°C, humidified 95% air-5% CO 2 incubator for the duration of the flow experiments. Controls were processed simultaneously with corresponding flow samples by following the same procedures.
Cell layers were scrupulously examined before and after the permeability assay. Any layers showing damage caused by manipulation were discarded.
Electrical resistance measurements. The ECIS technique (16, 17) was used to monitor changes in endothelial cell barrier function under conditions of disturbed flow. In this system cells are cultured on tissue culture plates containing several small electrodes (0.6 ϫ 10 Ϫ3 cm 2 ) and a large counter electrode (1 cm 2 ). The electrodes are connected to a lock-in amplifier, and an approximately constant current source applies a 1 µA alternating current signal between the small and counter electrodes, using culture medium as the electrolyte. Voltage changes between the small and counter electrodes are monitored with the lock-in amplifier. The measured in-phase voltage is proportional to the total electrical resistance across the monolayer, which is reflective of focal adhesion, and the resistance between cells (17) . Widening of the intercellular spacing in confluent endothelial monolayers is detected by the ECIS system as a decrease in the measured resistance (31) . A personal computer controls the output of the amplifier and switches the measurement to different small electrodes. The data from each small electrode provide information from a population of ϳ70 cells covering the electrode.
In the studies reported here, monolayers (18 cm 2 ) exposed to disturbed flow were grown on ECIS culture plates with eight small gold electrodes strategically located to provide information from small groups of cells subjected to different flow conditions within the same monolayer. The electrodes were distributed such that two were located in the recirculation region, two were close to flow reattachment, and four were in downstream areas where the flow is fully recovered (Fig. 2A) . The shear stress and shear stress gradients in each of those regions are shown in Table 1 .
Electrode plates with confluent cell monolayers were placed in the ECIS flow chamber and allowed to equilibrate, under no-flow conditions, to 37°C for 45 min. Before the onset of flow, 5 min of impedance data were collected to establish baseline resistances. All monolayers were exposed to disturbed flows for 5 h. Resistance measurements were taken every minute Locations I-V correspond to positions marked in Fig. 2A . Values for shear stress magnitude are for corresponding locations at each flow region. Shear stress gradient is estimated as slope of shear stress curve.
during exposure to flow. Postflow monolayer resistances were monitored for an additional 24-64 h in a chamber with a larger volume, designed to accommodate the ECIS culture plate and the connections to the ECIS system in a static no-flow environment and to provide cell nutrients for the extended period of the study.
The chambers with the cell monolayers and reservoirs with medium for perfusion were kept inside a cell culture incubator (37°C, 5% CO 2 ) for the entire duration of the experiments.
RESULTS
Endothelial cells exposed to disturbed flows exhibited a significant increase in transendothelial macromolecular transport in areas of high shear stress gradients. Figure 3A shows the spatial distribution of dextran (MW 70,000) accumulated in the subendothelial gel of monolayers exposed to disturbed flow for 5 h. Immediately downstream from the step (within the area of flow recirculation) endothelial permeability is highest, decreasing in the downstream direction as flow recovers. The average shear stress gradient in regions A1 (flow recirculation) and A2 (at and close to flow reattachment) is 79 and 85 dyn · cm Ϫ2 ·cm Ϫ1 , respectively (Table  1 and Fig. 3 ). Downstream from flow reattachment, the shear stress gradient is an order of magnitude lower (5 dyn·cm Ϫ2 ·cm Ϫ1 ) in regions A3 and A4 and almost negligible further downstream (regions A5-A7). Some variability was observed in the macromolecule transport values obtained for the region of flow recovery (regions A3-A5). However, the data obtained in the region of fully developed flow far downstream from the flow disturbance (regions A6 and A7, randomly chosen) showed very little variability with macromolecule transport values significantly lower than those found within the region of flow disturbance. Figure 3B shows the average mass of dextran accumulated in the subendothelial gel for regions of high shear stress gradient (regions A1 and A2), fully developed downstream flow (regions A5-A7), PMA-treated cell layers, and no-flow control layers. In areas of high shear stress gradients, endothelial monolayers showed a 5.5-fold increase in the transport of dextran across the layer compared with no-flow control layers. However, areas of undisturbed fully developed flow, within the same monolayer, showed only a 2.9-fold increase. Endothelial monolayers exposed to disturbed flow for 5 h are on average 1.9 times more permeable in the area of flow recirculation than in areas exposed to undisturbed fully developed flow. These flow-induced alterations in monolayer permeability to dextran (MW 70,000) are of the same order of magnitude as those obtained with PMA treatment. Visual inspection (light microscopy) at various points during the transport assay confirmed that monolayers were not damaged by manipulation.
Spatial variations in endothelial monolayer resistance to ion transport were continuously monitored during flow exposure. Figure 4 shows the monolayer resistance in three regions of interest (within flow recirculation, close to flow reattachment, and fully developed downstream flow) during exposure to disturbed flow for 5 h. The position of the electrodes in relation to the step disturbance is shown in Fig. 2 . Resistances are normalized by monolayer baseline values determined before the onset of flow. Measured baseline resistances varied from 3,200 to 5,000 ⍀, with the mean being 4,200 ⍀ (measured values include the 1,800-⍀ average resistance of a bare electrode). Endothelial monolayer resistance followed the same pattern of change for all three regions investigated. There was a sharp increase in resistance at the onset of flow, reaching 1.5 times baseline values in ϳ15 min, followed by a downslope to baseline that lasted for nearly the same period of time. For the next 2 h of flow, the resistance plateaued, sometimes with an apparent slight hump or secondary peak of much lower magnitude. After this period, endothelial resistance in all three regions decreased, reaching ϳ50% of the baseline values within 5 h of flow. Although no statistically significant differences were found among the three regions examined within the monolayer, there was a characteristic spread of the data that was seen in all experiments. The average resistance in the recirculation zone was larger than the resistance of the region of fully developed flow in every single experiment, and the resistance measured in the vicinity of flow reattachment was always the lowest of the three. An additional 1.5-h monitoring of the monolayer resistance after cessation of flow showed a sustained decrease in resistance with no significant difference among the three regions.
When monolayers were examined for up to 24 h after removal of flow, there were significant differences between the resistance close to flow reattachment and the resistance of the other examined regions of the monolayer (Fig. 5A) . In all regions the average resistance continued to decrease for ϳ2 h after the removal of flow before increasing and overshooting baseline values. The minimum monolayer resistance was recorded in the region of flow reattachment, where the resistance increased at a much slower rate than in the other regions, only slightly overshooting baseline values within 24 h.
Figure 5B shows the rate of change in monolayer resistance in the three regions of interest. Between 5 and 7 h (first 2 h after flow removal), the resistance decreased at nearly the same rate for both regions of flow reattachment and regions of fully developed flow, whereas in the recirculation region, the resistance decreased at a much higher rate (P Ͻ 0.05). However, between 7 and 15 h, the resistance changed with a significantly different rate (P Ͻ 0.05) between regions of flow reattachment and regions of fully developed flow. Values for the recirculation region showed no significant difference compared with those for the region of fully developed flow. After 15 h, the rates were similar for all areas. In general, the rate of change of monolayer resistance near flow reattachment was lower than in the fully developed region for all time periods. After 30 h, the monolayer resistance at flow reattachment remained at the same value with little change (Fig. 6) . In contrast, the resistance in the regions of recirculation and fully developed flow continued to rise and reached 2 and 2.1 times the baseline value, respectively. These elevated resistances were sustained for ϳ5 h, decreasing to ϳ1.4 times the initial value between 40 and 60 h. At 60 h, the endothelial resistance was nearly homogeneous throughout the entire layer at ϳ1.4 times the initial value. Monolayers examined up to 90 h after flow (not shown) did not reveal any further changes in monolayer resistance.
DISCUSSION
In vivo, localized regions of enhanced endothelial permeability coincide with the presence of disturbed flows. Although the effect of fluid flow on transendothelial transport has been investigated in vitro under unidirectional laminar flow conditions (19, 25, 29) , to our knowledge this is the first study to quantify macromolecule and ion transport across endothelial monolayers exposed to controlled disturbed flows in vitro in which spatial variations in fluid shear stress are similar to those found at arterial bifurcations.
In this paper we report increased macromolecule transport across endothelial monolayers exposed to disturbed flows. Macromolecule transport was considerably larger in regions of flow disturbance than in adjacent regions of the same cell monolayer exposed to uniform shear flow, demonstrating a strong correlation between shear stress gradients and monolayer permeability. In areas of flow disturbance, shear stress gradients are high, as opposed to regions of fully developed flow, where shear stress gradients are negligible. The wall shear stress magnitude in regions of disturbed flow is lower than in regions of fully developed flow but, on average, is of the same order of magnitude.
Although the mechanisms that regulate endothelial permeability in vivo and in vitro are not fully understood, there is a general agreement that transendothelial macromolecular transport occurs via paracellular gaps (1, 4) . Our data suggest that differential forces (shear stress gradients) among neighboring cells in the disturbed flow region may widen the intercellular junctions, locally increasing macromolecule transport. This is consistent with our previous finding that shear stress gradients regulate intercellular junction structure. Specifically, normal Cx43 gap junctions distributed at the cell periphery were severely disassembled in regions of disturbed flow after 5 h with much less disruption of the normal junctional pattern observed in regions of fully developed flow (7, 9) . It is possible that intercellular gap junctional disassembly contributes to intercellular widening and, consequently, to macromolecule permeability.
Cells that are dying or sloughing off could also account for increased transport across the monolayer (21, 34) . However, in these experiments, flow-induced changes in permeability were not associated with cell loss or gross damage to the cell layer.
Enhanced macromolecular permeability of endothelial cells has also been associated with cell mitosis (22) . Previous studies in our laboratory have demonstrated that shear stress gradients significantly increased endothelial cell DNA synthesis in monolayers exposed to disturbed flow in vitro for 5 h (7, 8, 12) , indicating that the effects of hemodynamics on the regulation of cell growth may be important in controlling endothelial permeability. However, in the present study the permeability of the cell layer was assessed immediately after 5 h of flow, long before cells committed to the cell cycle in response to shear gradients could have reached mitosis. Therefore, the early changes in macromolecule permeability reported here are most likely caused by widening of the intercellular gaps. Under prolonged exposure to flow, sustained endothelial DNA synthesis in areas of high shear gradients (8, 10) suggests that cell mitosis (and associated leaky junctions) may be continuously resulting in regions of permanently enhanced permeability.
Macromolecule permeability also increased in areas of fully developed flow. With the use of Fick's law of diffusion to evaluate flux across a semipermeable membrane between two well-stirred compartments (5) 
, where M AC is the mass of dextran embedded in the agarose layer per unit area of agarose, which is the quantity we measure in our assay. Assuming a constant concentration of the luminal chamber (8 mg/ml) and a constant rate over the 30 min of transport, we may estimate endothelial permeability for each region of the monolayer using the above equation and the values reported in Fig. 3 . The permeability of the regions of fully developed flow in the monolayer (A6 and A7) is 1.1 ϫ 10 Ϫ6 cm/s, whereas the permeability in the areas of high shear stress gradients (A1 and A2) is 2 ϫ 10 Ϫ6 cm/s. These values of permeability are of the same order of magnitude as those reported by Jo et al. (19) and Ohshima and Ookawa. (25) for endothelial monolayers exposed to unidirectional laminar flows with similar shear stress forces. In vivo, endothelial permeability to macromolecules is two to three orders of magnitude lower than the values reported in in vitro studies with cell cultures grown in filter membranes (1, 4, 5) . The values reported in the present study are also higher than in vivo permeability rates. However, our transport assay allowed the quantification of fine spatial differences in transendothelial transport in monolayers exposed to fluid forces characteristic of the in vivo hemodynamic conditions at arterial bifurcations. The subluminal agarose gel was able to quickly trap small amounts of tracer, allowing fine differences between small areas of the monolayer to be quantified.
Our results indicating that shear stress gradients may be a localizing factor in enhanced endothelial permeability are supported by the in vivo localization of leaky areas in arterial endothelium, also found in association with altered hemodynamics, where shear stress forces are variable (24, 28) . Moreover, the permeability ratio between regions of disturbed and undisturbed (fully developed) flow reported here in vitro are of the same order as those estimated in in vivo studies of spatial variations of arterial wall permeability (3, 32) . Barakat et al. (3) found that the density of sites of enhanced permeability to the macromolecule horseradish peroxidase (HRP spots) is 2 to 10 times higher in the immediate vicinity of aortic ostia than within a few millimeters of it. Truskey et al. (32) reported endothelial permeabilities for LDL ϳ10 times higher in high permeability regions compared with low permeability regions in the rabbit arterial wall. Similar spatial variations in permeability were found in the present studies. In regions of flow disturbance permeability was ϳ2 times higher than in regions of undisturbed flow and 6 times higher than in control (no-flow) monolayers. On the basis of our early studies on endothelial cell morphology and function, we may expect a larger difference between the permeabilities in the regions of disturbed and undisturbed flow under prolonged (Յ48 h) exposure to disturbed flows. Endothelial permeability in regions of undisturbed flow should decrease after 24 h, once endothelial cells have reorganized their intercellular junctions and adapted to the new flow condition (7, 9) . In contrast, endothelial permeability in regions of disturbed flow is expected to remain high because of sustained localized cell proliferation and intercellular junction disassembly (7) (8) (9) (10) .
Changes in transendothelial resistance measured with the ECIS technique have been previously correlated with both changes in intercellular spacing and permeability to macromolecules (15, 26, 31) . In the present study, continuous evaluation of the transendothelial resistance during exposure to flow showed that resistance decreases with flow, which is consistent with the fact that flow increases permeability. However, significant differences in electrical resistance between various regions of the monolayer were not accounted for (Fig. 4) despite the fact that the transport data demonstrated significant spatial variations in monolayer permeability to dextran (MW 70,000) (Fig. 3) . This suggests that after 5 h of flow, the differences between intercellular widening in regions of disturbed and undisturbed flow may be very subtle and beyond the level of detection by the ECIS technique.
Changes in electrical resistance may represent changes in cell-cell or cell-substrate spacing (16, 17) . The peak in resistance at the onset of flow (Fig. 4) may then be interpreted as a significant reduction of the cell-substrate spacing caused by the sudden increased shear and pressure forces pushing the cell layer against the substrate (11) . A transient reduction in intercellular spacing caused by cell deformation also may be expected at the onset of flow. The peak disappears shortly after (15 min) because of flow-induced intercellular gap widening.
The plateau or slight hump in monolayer resistance (Figs. 4 and 5A ) observed during the first 2 h of flow may be attributed to cell motion. Studies from our laboratory (12) have demonstrated that there is a significant increase in cell motion during the first 2 h of exposure to flow. Cell motion and migration involve some degree of cell spreading that may reduce the cell-substrate and/or cell-cell spacing that would in turn increase monolayer resistance. Therefore, the plateau or slight hump shown in Fig. 4 may be the result of a partial balance between flow-induced gap widening and cell spreading during motion. Cell motion was observed throughout the entire monolayer, with the highest activity reported in the region of flow recirculation (10, 12, 30) , which coincidentally also showed the largest resistance peak among the three regions investigated. Moreover, the slight meandering seen in the resistance trace during this time period (Fig. 4) is consistent with resistance fluctuations detected with the ECIS system during cell motion (17) .
After the cessation of flow, the monolayer resistance increased, indicating some degree of recovery that in fact resulted in resistance values that exceeded baseline conditions within 24 h. This overcompensating cell response was less pronounced in areas of the monolayer close to flow reattachment. These results demonstrate that flow-induced alteration in monolayer resistance, although reversible throughout the monolayer, is altered to a greater extent by the flow conditions at flow reattachment. The new increased baseline resistance, reached by 70 h after flow removal, may be caused by a remnant of the effects of flow or may be simply reflective of extracellular matrix alterations or higher cell packing in the monolayer caused by the extra time (3 days) in culture.
These studies demonstrate that spatial variations in shear stress forces regulate endothelial barrier function and permeability to macromolecules in vitro. Similarities between in vivo spatial variations in permeability and findings of this study suggest that shear stress gradient may be a key regulator of endothelial permeability in vivo. Although the local increase in macromolecule transport appears to be a result of widening of junctions by direct effect of differential forces among neighboring cells, variations in monolayer resistance during and after removal of flow may reflect other mechanisms by which endothelial cells respond to disturbed flow. Shear stress gradient regulation of cell growth may also be an important parameter in controlling endothelial permeability. In conclusion, these results demonstrated that shear stress gradients associated with altered hemodynamics play an important role in determining regional differences in endothelial permeability in vitro.
